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The molecular mechanism of ethylene (C2H4) hydrogenation on a δ-MoC (001) surface has been 
studied by periodic density functional theory methods. Activation energy barriers and elementary 
reaction rates have been calculated as a function of the hydrogen surface coverage, θH, with relevant 
properties derived from ab initio thermodynamics and kinetic rate estimates. The hydrogen 
coverage has a very strong effect on the adsorption energy and the second hydrogenation step of 
ethylene. A relatively low energy barrier favors the dissociation of H2 on δ-MoC (001) leading to 
medium H coverages (> 0.4 of a monolayer) where the energy barrier for the full hydrogenation of 
ethylene is already below the corresponding barriers seen on Pt and Pd (111). At a high H coverage 
of ~0.85 of a monolayer, the C2H4 adsorbs at 1 atm and 300 K over a system having as-formed CH3 
moiety species, which critically favors the C2H4 second hydrogenation, typically a rate limiting 
step, by reducing its activation energy to a negligible value of 0.08 eV, significantly lower than the 
equivalent values of ~0.5 eV reported for Pt and Pd (111) catalyst surfaces. The ethane desorption 
rate is larger than the surface intermediate elementary reaction rates, pointing for its desorption 
upon formation, closing the catalytic cycle. The present results put δ-MoC under the spotlight as an 
economic and improved replacement catalyst to Pt and Pd, with significant improvements in 
enthalpy and activation energy barriers. Here, we provid a detailed study for the C2H4 
hydrogenation reaction mechanism over a carbide showing characteristics or features not seen on 
metal catalysts. These can be exploited when dealing with technical or industrial applications. 
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INTRODUCTION 
Hydrogenation reactions are key processes in the chemical industry. Several commodities and 
chemicals are produced via the hydrogenation of unsaturated C-C double bonds in olefins. Their 
effective hydroconversion normally requires heterogeneous catalysts, where the most used ones 
belong to the Pt-group metals —a.k.a. platinoids; Ru, Rh, Pd, Os, Ir, and Pt.1 However, the Pt 
scarcity in the Earth crust leads to a high market price, thus limiting such Pt-based catalysts 
applications at large scales, which are necessary for the growing demand of such relevant chemical 
products. Additionally, the use of Pt-group metals in the petrochemical industry is of primary 
importance in the production of clean fuels, currently limited by the presence of heteroatoms like 
sulfur and nitrogen in crude oil, poisoning the Pt-based-group metals.2 Therefore, alternative 
materials are necessary to overcome these issues, and over the years transition metal carbides have 
been proposed as low-cost promising materials.2–5 Among these compounds, molybdenum carbide 
has shown a very good potential as a technical catalyst for hydrogenation reactions,2,6–10 as shown 
both by experimental and theoretical studies. The cubic phase of molybdenum carbide, i.e. δ-MoC, 
has shown substantial catalytic activity for CO2 hydrogenation,6,11 the low temperature water gas-
shift reaction,10,12 and hydrogen dissociation.13,14 Here we investigate the hydrogenation process on 
a δ-MoC (001) non-polar surface, which contains stoichiometric quantities of both C and Mo atoms, 
allowing the reactivity study on both types of centers.15,16 The (001) surface choice is backd up 
being the δ-MoC most stable one, featured in its vast majority on δ-MoC crystallites according to 
the Wulff construction of nanoparticle shapes, minimizing the materials surface tension.16 
Ethylene or ethene (C2H4) is the simplest olefin molecule, and a useful probe chemical 
frequently employed to understand the hydrogenation of unsaturated C=C double bonds. 
Particularly, this process has been widely documented on Pt and Pd (111) surfaces, the most stable 
ones on such metals, and, therefore, the most exposed in supported metallic Pt and Pd nanoparticles 
when used as catalysts. It is well established that C2H4 hydrogenation on Pt-group metal surfaces 
follows a Horiuti-Polanyi mechanism —a Langmuir-Hinshelwood-like type of mechanism where 
both reactants are adsorbed on the catalyst.17 Briefly, the reaction mechanism consists of the 
following six steps:  
C2H4 + * → C2H4* Ethylene adsorption 
H2 + * → H2* Molecular hydrogen adsorption 
H2* + * → 2·H* Adsorbed molecular hydrogen dissociation 
C2H4* + H*→ C2H5* + * Ethyl intermediate formation 
C2H5* + H* → C2H6* + * Ethane formation 
C2H6*→ C2H6 + * Ethane desorption 
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On both Pt18–20 and Pd21–23 (111) surfaces the ethane (C2H6) production rate is found to 
increase with the hydrogen (H2) partial pressure. In other words, C2H4 hydrogenation is favored at a 
high hydrogen surface coverage, θH. Even though ethylene adsorption has been studied on some 
transition metal carbides (TMCs),24 and its hydrogenation partially explored in some TaC25 and 
WC26 based catalysts, there is still a lack of knowledge regarding the details of the C2H4 
hydrogenation reaction mechanism on such materials. Here, we specifically address this reaction on 
the δ-MoC (001) catalyst, given its suitable interaction with ethylene and H2 as reported in previous 
works.13,27  
In the context of the reaction mechanism, the interaction of ethylidyne (CCH3) with the 
surface has to be regarded since, on Pt-based catalysts, it is known that it can be a poisoning 
species.28 Nevertheless, on TMC surfaces its possible hydrogenation towards ethyl or ethane has 
been suggested, ruling out its poison activity.29 At variance to the well-studied Pt and Pd (111) metal 
surfaces where, once formed, ethylidyne becomes strongly bonded and hardly modified, thus 
becoming a blocker of active sites, on δ-MoC (001) and some other TMCs there is a 
thermodynamic driving force to transform this adsorbed species into other desirable hydrocarbons; 
thus preventing a catalyst deactivation mechanism.29 The different chemistry towards ethylidyne 
suggests that δ-MoC (001) can be a very good candidate to replace Pt-group metals as a catalyst for 
olefin hydrogenation reactions, pointing to the need for more in-depth studies. In this aspect, it is 
important to understand the role of the hydrogen coverage in the hydrogenation of adsorbed 
ethylene, as one has to regard that hydrogenation reactions are usually carried out in hydrogen-rich 
environments.18,19,30 This also should be valid on the δ-MoC (001) surface, where a relatively small 
energy barrier of 0.39 eV for H2 dissociation has been gained, from a previously physisorbed 
molecular adsorption state, fostering an easy H2 uptake, dissociation, and high-coverage of 
adatomic H upon.14 Indeed, the structurally similar TiC (001) surface shows a diversity of H 
species, adsorbed on top of C or Ti atoms, even elongated H2 Kubas modes, that are predicted to 
remain at temperatures in the 300-400 K interval, a range relevant for hydrogenation processes,31 
plus a systematic analysis of H2 adsorption and dissociation on molybdenum carbide surfaces 
reveals that CH3-like species can be formed at high hydrogen surface coverages, as observed on C-
terminated β-Mo2C (001) surface.13 However, such moieties were not inspected on δ-MoC (001) 
surfaces, nor their possible influence, e.g. in the chemical activity towards ethylene hydrogenation. 
The goal of the present work is to get unbiased insights on C2H4 hydrogenation as catalyzed 
by δ-MoC (001). In particular, the aim is set at evaluating the ethylene binding energy as a function 
of adsorbed hydrogen coverage, θH, and the influence of the employed working conditions. To this 
end, situations with θH in the 0.13 to 0.88 monolayers (ML) range have been investigated, regarding 
a 1 ML when all δ-MoC surface atoms are occupied by an adsorbate. Besides, the effect of 
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temperature and H2/C2H4 pressure on the interaction of ethylene with the carbide surface at given θH 
coverages has been studied by means of the so-called ab initio thermodynamics (AIT) formalism, as 
described by Reuter and Scheffler.32,33 Finally, the kinetics of C2H4 hydrogenation through the 
Horiuti-Polanyi-like mechanism has been explored by determining the relevant reaction step energy 
barriers, which are compared to the ones obtained on Pt and Pd (111) surfaces. Finally, transition 
state theory (TST) has been used to investigate the ethane desorption rate and the elementary 
reaction rates dependence with temperature. The reported information provides a complete 
thermodynamic and kinetic panorama of C2H4 hydrogenation on δ-MoC (001) through a Horiuti-
Polanyi-like reaction mechanism, identifying as well similarities and differences with respect to the 
commonly used metal catalysts. 
MODELS AND METHODS 
The δ-MoC (001) surface has been represented by a periodic supercell slab model built from the 
previously optimized bulk structure, with a vacuum region between interleaved slabs of 15 Å. The 
slab model contains six atomic layers which deliver converged calculated ethylene adsorption 
energies with respect the slab thickness, as earlier also verified in the ethylene interaction on the 
similar system of tungsten carbide.24 The positions of the four bottommost atomic layers were fixed 
at bulk values to provide an appropriate environment to the two outermost layers, whose structure 
was fully relaxed. The employed supercell is a (2√2×2√2)R45º —76.37 Å2 of area— containing a 
total of 96 atoms, 48 C and 48 Mo, with 8 C and 8 Mo atoms per slab atomic layer. Similar models 
have been used in past studies on the adsorption34,35 and reactivity of chemicals on similar TMCs.36 
The supercell size on ethylene adsorption was evaluated vs. an equivalent (3√2×3√2)R45º model, 
featuring negligible changes with supercell size and coverage; see detailed discussion and Figure S1 
of the Supporting Information (SI). 
To investigate the effect of pre-adsorbed hydrogen on the overall process, several θH values 
have been considered implying a different number of H adatoms (H*) in the supercell surface 
model, i.e. 0.13 (2 H*), 0.25 (4 H*), 0.38 (6 H*), 0.50 (8 H*), 0.63 (10 H*), 0.75 (12 H*), and 0.88 
ML (14 H*), well within the limits observed for less H-affine TiC(001) surface.31 Notice that when 
hydrogenating C2H4, the effective θH decays 2 H* —0.13 ML, or 0.067 ML per hydrogenation 
step— although given the little impact on θH on the reaction energetics, we will refer in the 
following to the initial considered θH, this is, before C2H4 first hydrogenation step. For θH coverage 
values ranging from 0.13 to 0.50 ML H* occupies surface C sites, as predicted in previous 
works.13,14 For larger H* coverages, H* starts to populate atop of surface Mo atoms.13 The stages 
for all the evaluated surface coverages are shown in Figure S2 of the SI. The C2H4 adsorption 
energy was evaluated for each θH with the structure of the adsorbed molecule fully relaxed. For the 
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sake of clarity, note that the C2H4 bonding mode on the clean δ-MoC (001) surface has been earlier 
exhaustively studied, and reported to be atop of a surface Mo atom —π-M mode—27 in a Type-I 
group of C-C bond elongation;24 and such ethylene has been maintained on such during the several 
studied pre-adsorbed H* atoms situations. Notice also that θH values larger than 0.88 ML have not 
been considered, since ethylene adsorption would require, obviously, at least a free surface Mo site. 
For θH = 0.88 ML, the total net coverage of surface sites —this is, including H* and C2H4*— is 
0.94 ML, with the remaining 0.06 ML free site being a Mo surface atom. Therefore, the model with 
θH = 0.88 ML contains an even number of H* atoms, all coming from H2 molecules dissociated at 
the surface. For practical purposes, the thermodynamics and kinetics aspects were further evaluated 
on three representative limiting cases of low, medium, and high θH of 0.13, 0.50, and 0.88 ML, 
respectively. 
The total energy of the above-mentioned supercell models has been calculated using a 
periodic density functional theory (DFT) approach, and the corresponding equilibrium structures 
obtained from standard total energy minimization procedures. The DFT calculations were carried 
out using the Vienna ab initio simulation package (VASP) code,37 using the Perdew-Burke-
Ernzerhof (PBE) functional,38 especially well-suited in the description of Mo-based carbides.39 For 
all the evaluated systems, the dispersive forces were added through the D3 approach, i.e. PBE-D3.40 
The valence electron density was expanded in a plane-wave basis set with an associate kinetic 
energy not surpassing a 400 eV cutoff value. The description of the effect of the inner electrons in 
the valence region is described by the projected augmented wave (PAW) method41 as implemented 
by Kresse and Joubert.42 For the numerical integration in the Brillouin zone, according to the 
Monkhorst–Pack scheme,43 a Γ-centered k-points mesh of 3×3×1 was used for the necessary 
numerical integrations involving the periodic supercell representation of δ-MoC(001). The 
convergence criteria were changes in total energies lower than 10-6 eV and variations in interatomic 
forces lower than 0.01 eV·Å-1. Moreover, a dipole correction was used to avoid dipole coupling 
between repeated slabs. 
The ethylene adsorption energy, Eads, was calculated as  
   𝐸!"# = 𝐸!!!!/!"#!! − 𝐸!"#!! − 𝐸!!!!   (1), 
including the zero point energy (ZPE) in all terms, see Eq. S1 in the SI. Here the 𝐸!!!!/!"#!! refers 
to the energy of the system with the adsorbed C2H4 on the δ-MoC (001) surface containing n H* 
adatoms, 𝐸!!!! stands for the isolated molecule energy, and 𝐸!"#!! the energy of the δ-MoC (001) 
surface containing n H* atoms without C2H4 molecule. The vibrational frequencies needed for, e.g. 
the ZPE term, have been computed within the harmonic approximation considering the adsorbates 
vibrational frequencies only, gained through the diagonalization of the Hessian matrix with finite 
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differences elements computed through analytical gradients with displacements of the coordinates 
of the involved atoms of 0.01 Å. 
The C2H4 Gibbs free energy of adsorption (ΔGads) for each considered situation case has 
been acquired within the AIT model as  
 
 Δ𝐺!"# =
𝐸!"# − 𝑘!𝑇 ln 𝑞!"#!"# − ln 𝑞!"#















for additional details, we refer the reader to Equations S2-S4 of the SI.  
For each situation with n H* atoms on the surface, the following elementary steps for a 
Horiuti-Polanyi mechanism, involving the C2H5* ethyl intermediate, were considered for the C2H4 
hydrogenation. 
 
 C2H4* + n·H* → C2H5* + (n-1)·H*    (3), 
 C2H5* + (n-1)·H* → C2H6* + (n-2)·H*  (4), 
 C2H6* + (n-2)·H*→ C2H6 + (n-3)·H*  (5). 
 
 For each elementary step, its transition state (TS) structures was located following a two-steps 
procedure. In the first one, a non-linear interpolation of a set of eight images provided by the 
atomistic simulation environment (ASE) package44 was obtained. Next, the thus generated images 
were used to search for saddle points for the hydrogenation steps using the climbing-image nudged 
elastic band (CI-NEB) method.45 The TS structure candidates were characterized via frequency 
analysis to ensure a single imaginary frequency in the desired reaction direction. In addition, the 
elementary reaction rate, r, and its temperature, T, dependence was estimated according to harmonic 
TST as applied to surface reactions;46,47  






! !!!!!    (6), 
where IS refers to the initial state of the reaction step. Additional details and full explanation of the 






!!!     (7), 
with additional details on such terms provided in the SI.  
RESULTS AND DISCUSSION 
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Ethylene Adsorption at Different H Surface Coverages. First, one has to recall the adsorption of 
C2H4 on δ-MoC(001), earlier found to be attached atop of a surface Mo atom π-M mode in a Type-I 
group of C-C bond elongation, with an adsorption energy on the previously found most stable site 
of -1.03 eV at PBE-D3 level.24,27 Regarding the effect of hydrogen coverage on the interaction 
between ethylene and δ-MoC(001) it is necessary to distinguish two regimes; for θH values of 0.13-
0.75 ML (2-12 H*), the most salient feature is a sharp decrease which is attributed to the Pauli 
repulsion between the H* adatoms and ethylene, see Figure 1, and values and geometries found in 
Table S1 and Figure S3 of the SI. The effect is quite dramatic as the ethylene adsorption energy 
decreases 0.64-0.74 eV relative to the value corresponding to the clean, pristine surface. However, 
at high H* coverage, i.e. for θH = 0.88 ML involving 14 H* in the supercells, ethylene adsorption 
via a π-mode spontaneously forces a rearrangement of the surface H* adatoms resulting in CH3-like 
structures, see Figure S3 of the SI, not observed at lower coverages. These structures involve a 
surface C atom close the adsorbed ethylene molecule which is simultaneously attaching 3 H* 
adatoms. The formation of this methyl-like surface structure induces a rather strong stabilization of 
the system, to the point that the adsorption energy of C2H4 becomes now -1.14 eV, even larger than 
the value for clean surface of -1.03 eV. This is quite a surprising result indicating that a rather high 
hydrogen partial pressure may be significantly beneficial. It is worth to mention that lateral 
interactions48 between co-adsorbates are negligible, see discussion in SI. 
To further analyze the thermodynamics involved in the C2H4 binding with a different extent 
of pre-adsorbed H* atoms, three representative cases are considered next. Based on the results in 
Figure 1, we choose θH coverage values of 0.13, 0.50, and 0.88 ML. Figure 2 reports the optimized 
structure for each of these situations whereas Figures 3 and 4 report the estimated Gibbs free energy 
changes and analyze the effect of the ethylene partial pressure, 𝑝!!!!, and temperature, T, on 
ethylene adsorption. The results for the full range of evaluated pressures and temperatures are 
reported in Table S2 of the SI. 
Regarding the 𝑝!!!! effect in the C2H4 ΔGads, Figure 3 shows that, for the clean and high 
hydrogen coverage situations, there is quite a broad range of values where ethylene adsorption is 
predicted to be thermodynamically favored at 300 K, encompassing vacuum conditions of 10-10 atm 
and high pressures of 100 atm. However, for the low and intermediate H* situations (θH of 0.13 and 
0.50 ML, respectively) adsorption at 300 K is not favored, although this may perhaps be reversed at 
cryogenic, non-practical temperatures. Interestingly, the fact that at the high coverage of 0.88 ML 
C2H4 adsorption is feasible and with the adsorbed molecule surrounded by H*, strongly suggests 
that hydrogenation is likely to proceed even at moderate 𝑝!!!! values of 10
-7 onwards. On the other 
side of the coin, Figure 4 reports the calculated adsorption Gibbs free energy for a fixed 𝑝!!!!of 1 
atm as a function of temperature. Figure 4 shows that C2H4 adsorption is thermodynamically 
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favored up to circa 200 K regardless of the H* coverage. However, above 200 K C2H4 adsorption 
becomes thermodynamically non-favored for θH of 0.13 and 0.50 ML but remains favored up to 400 
K for the case of θH = 0.88 ML and up to 700 K for the clean surface. Note that any increase of 
𝑝!!!! implies that adsorption is thermodynamically favored only at lower temperatures, still 
accessible for θH = 0.88 ML, but impossible for lower H* coverages. Once thermodynamic C2H4 
adsorptive equilibrium states have been defined, kinetic aspects of the C2H4 hydrogenation and the 
ethane product desorption are addressed in the next point. 
Influence of θH on the C2H4 Hydrogenation and C2H6 Desorption Kinetics. In spite of the 
apparent simplicity of the mechanism of C2H4 hydrogenation, summarized in Eqs. 3-5, the 
exploration of the potential energy surface for the case with θH = 0.13 ML reveals that a larger 
number of elementary steps are involved in each elementary step, as shown in Figures S4 and S5 of 
the SI. Four of these steps correspond to H* migration steps so as to reach a proper attack angle 
from which hydrogenate the C2H4* or C2H5* moieties, plus there is also an activation step of the 
C2H4* moiety, so as to reach an adsorption C2H4* conformational isomer, which fosters its first 
hydrogenation. From the appropriate surface configurations for C2H4* and H* the reaction to 
produce C2H5* and a free surface site proceeds through a transition state, TS1, involving an 
activation barrier of 0.47 eV, see Figure 5. However, the second hydrogenation; C2H5* + H*→ 
C2H6* + *, proceeding through TS2 —see Figure 5 and Figure S5 of the SI— involves a very large 
barrier of 1.71 eV at θH = 0.13 ML. It is worth to mention that H* migrations and C2H4* 
isomerization steps are only seen for θH = 0.13 ML, as increasing the θH to 0.50 and 0.88 ML one 
avoids these additional steps. At a θH of 0.50 ML both barriers are decreased to 0.40 and 0.36 eV, 
respectively, see Figure 5 and Figure S5 of the SI, indicating that a larger θH may have a beneficial 
effect, even if this would have a concomitant decrease on the ethylene adsorption energy.  
However, as above-commented, when θH reaches 0.88 ML the ethylene adsorption becomes 
even more favorable than on the clean surface. In addition, calculations show that at this high θH, 
even though the energy barrier for the first hydrogenation through TS1 is kept at 0.59 eV, the second 
energy barrier involving TS2 dramatically decreases to solely 0.08 eV, see Figure 5 and Figure S7. 
Interestingly, the energy barriers for the first hydrogenation at θH of 0.13, 0.50, and 0.88 ML exhibit 
little variations, and are close to that reported for Pt49,50 and Pd49,51 (111) surfaces, of 0.49 and of 
0.55 eV, respectively. To the best of our knowledge, for these two metal surface catalysts the effect 
of surface coverage has been limited to ethylene,47 and there is no information regarding the effect 
of the hydrogen coverage on the ethylene hydrogenation energy profile, even though there are a 
couple of reports for Pt (111) surface involving high coverages, with θH from 0.25 to above 1 
ML,52,53 yet without considering neither the ethylene adsorption nor its hydrogenation. 
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In the case of δ-MoC(001), we show here that the effect of hydrogen coverage on the C2H4 
hydrogenation is quite large, provided it reaches a situation as high as θH = 0.88 ML. Notice how 
the second hydrogenation energy barrier drops from 1.71 eV at 0.13 ML to merely 0.08 eV, much 
smaller than the reported values for Pt and Pd (111) surfaces of 0.55 and 0.52 eV, respectively.49-51 
Thus, θH plays a key role in the olefin hydrogenation via a Horiuti-Polanyi-like scheme on δ-MoC 
based catalysts, with high enough values resulting in quite low activation barriers. Note also that, 
for θH = 0.88 ML, both hydrogenation elementary steps are exothermic while in the case of Pt and 
Pd (111) surfaces the first hydrogenation is thermoneutral, and the second one slightly exothermic. 
Therefore, on a δ-MoC based catalyst, the high hydrogen coverage does not only implies a change 
in the kinetics, due to the reduced activation energies, but also on the thermodynamics, improving 
the exothermic character of the adsorbed final product. Consequently, the θH coverage is the key 
parameter to improve both the thermodynamic and kinetic aspects of ethylene hydrogenation. 
To understand the origin of the high-energy barrier for θH = 0.13 ML of 1.71 eV and the 
collapse at 0.88 ML, with an energy barrier of 0.08 eV, we analyzed in detail the type of adsorbate-
surface bonds in the system. At 0.13 ML there are several available surface C sites, so the C2H5* 
intermediate occupies one of these instead of a Mo site, see Figure S5, resulting in the formation of 
a strong Csurface–Cethyl covalent bond. Clearly, to hydrogenate C2H5* into C2H6* it is necessary to 
break this covalent bond, which involves a significant energetic toll. Increasing θH to 0.50 ML 
implies that all H* species sit above C atoms, and this forces C2H5* to occupy a surface Mo atoms 
instead, see Figure S6, with a concomitant weaker Mo–C2H5* interaction. In fact, the energy barrier 
for this hydrogenation step decreases from 1.71 eV to 0.36 eV, a value already below the 
corresponding barriers for Pt and Pd (111) surfaces. 
For the largest θH explored of 0.88 ML, the H* atoms also occupy sites above Mo atoms,13 
but some form surface CH3 entities, as above-mentioned. At this coverage, the second 
hydrogenation was explored by using of one of the H* atoms in such CH3 entity or another 
available vicinal H* atom. In the first case, the energy barrier to C2H6* becomes 0.60 eV, whereas 
on the second one leads to the lower barrier of 0.08 eV. Therefore, the CH3 role is that of a 
matchmaker, allowing for another H* to hydrogenate. For the θH = 0.88 ML case, the system has 
been additionally characterized, particularly, concerning the temperature effect in the reaction rate, 
see Figure S8 of the SI. For a temperature 50 K, the rate-determining step is the first hydrogenation 
occurring through TS1, as expected. Hence, at a standard pressure, the reaction rates are similar in 
the range of 200–400 K. In particular, at 300 K, the reaction rates are sensibly large, of the order of 
103 s-1.  
The results in the present work show that a high hydrogen surface coverage is advantageous 
in order to favor ethylene hydrogenation. This correlates, e.g. with other systems where an 
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improved performance is also favored at high hydrogen concentrations, as seen, e.g. in DFT-based 
results for benzene hydrogenation, found to be improved at a θH superior to 0.44 ML reducing the 
energy barriers,54 although the benefit can be lateral, i.e. biasing the enantioselectivity of α-
ketoesters hydrogenation.55 Notice that olefins adsorption capability decreases θH, as the di-σ-MM 
mode shifts into π-M at high θH on Pt (111) surface. This aspect is key to understand the olefin 
hydrogenation mechanism on Pt-group-based metals,30 where, experimentally, the performance is 
improved at high hydrogen concentrations,17–19 related with a high hydrogen surface coverage. On 
the other hand, it is worth mentioning that, beyond ethylene hydrogenation, the surface as-formed 
CH3-moiety at θH = 0.88 ML could also form methane (CH4) —see Figure S9 and its associated 
discussion in the SI—, yet displaying an energy barrier more than twice higher than the final C2H6 
formation; therefore, one would expect to detect significant amounts of methane together with 
ethane, yet coming from the δ-MoC surface decarburization rather than as a direct product coming 
from ethylene.  
To finally complete the catalytic cycle, the as-formed ethane must desorb from the surface. 
The ethane desorption rate was calculated at each coverage, see Figure S10 and Table S3 of the SI. 
The desorption rates are sufficiently large so that this step does not limit the overall process. Note 
that thermodynamic arguments, as observed in Figure 4, suggest that the working temperature 
should be below 400 K. Figure 6 shows that the ethane desorption rate is clearly linked to the 
adsorption strength, with the fastest desorption corresponding to θH = 0.13 ML, where the 
interaction between ethane and that underlying carbide surface is the weakest. In the 300-400 K 
range, relevant for working temperature, the ethane desorption rate decreases with increasing θH, 
see Figure 6. Note that, even for the most unfavorable situation of θH = 0.88 ML, the desorption rate 
is around 4·1011 s-1, much larger than the reaction rate of the limiting step of around 103 s-1. 
Consequently, once ethane is formed, one expects to be readily desorbed, thus completing the 
catalytic cycle.  
The present results illustrate the unique role that the hydrogen coverage can play on a 
carbide surface during the hydrogenation of an olefin. On δ-MoC(001), the relatively small energy 
barrier of 0.68 eV for H2 dissociation¡Error! Marcador no definido. opens the door for large H coverages (> 
0.4 ML) leading to a very efficient system for ethylene hydrogenation. In the past, ethylene 
adsorption has been studied on some TMCs,24 and its hydrogenation partially explored on TaC25 and 
WC26 based catalysts, but here we have provided the first detailed study for the C2H4 hydrogenation 
reaction mechanism over a carbide showing characteristics or features not seen on metal catalysts. 




The hydrogenation mechanism of ethylene on a δ-MoC (001) surface catalyst at several hydrogen 
surface coverages has been investigated by means of periodic DFT calculations. Ab initio 
thermodynamics has been used to explore the effect of the ethylene partial pressure and temperature 
on ethylene adsorption, with elementary reaction and ethane desorption rates estimated from 
transition state theory within the harmonic approximation. 
For the lowest hydrogen coverage considered, the ethylene hydrogenation reaction 
mechanism is complex involving several hydrogen migration and isomerization steps. In this 
situation, the second hydrogenation step; C2H5* + H* → C2H6*, involves a large energy barrier of 
1.71 eV, due to the energetic toll paid to break a strong covalent bond between the ethyl 
intermediate and a surface C atom. Increasing the hydrogen coverage forces H* to occupy all 
surface C and Mo atoms,13 and for the largest hydrogen coverage considered, 0.88 ML, the 
adsorbed H* atoms reorganize leading to CH3 type surface entities that contribute largely stabilizing 
the adsorbed C2H4, actually favoring the subsequent hydrogenation of ethyl to adsorbed ethane. 
The ab initio thermodynamics analysis has been employed to analyze whether adsorbed 
ethylene becomes stable at different hydrogen coverages on a set of relevant values of ethylene 
partial pressures and temperatures. The results indicate that for zero and high (0.88 ML) hydrogen 
coverage, ethylene adsorption is favored from very low to evaluated pressures (10-10 to 100 atm) in 
a broad range of temperatures (25 to 1200 K). However, for low and intermediate hydrogen 
coverages, 0.13 and 0.50 ML, respectively, ethylene adsorption at 300 K becomes non-favored in a 
broad range of pressures. However, for the hydrogen high coverage situation (0.88 ML) and 1 atm, 
ethylene adsorption becomes feasible only at temperatures below 400 K due to an interaction with 
the CH3 surface entities.  
The reaction mechanism was studied for the three representative H coverage situations. The 
results show that, for the first hydrogenation step, the energy barriers are rather insensitive to the 
hydrogen coverage; i.e. 0.59 eV for θH = 0.88 ML compared to 0.47 and 0.40 eV for θH = 0.13 and 
0.50 ML, respectively. However, the energy barrier for the second hydrogenation exhibits an 
extremely large dependence on the hydrogen coverage dropping from 1.71 eV at θH = 0.13 ML, to 
0.36 eV at θH = 0.50 ML to a very small value of 0.08 eV for θH = 0.88 ML. It is worth noting that 
these values are also below the corresponding values predicted for Pt (111) —0.49 and 0.55 eV for 
first and second hydrogenation steps, respectively—¡Error! Marcador no definido.,50 and Pd (111) —0.55 
and 0.52 eV—49,51 suggesting δ-MoC as a suitable replacement to scarce and expensive Pt- and Pd-
based catalysts for olefin hydrogenation, provided high hydrogen surface coverage conditions are 
ensured. The present results pave the road to further address more complex systems, and could also 
12 
serve as a benchmark for future experimental studies, given the so far lack of experimental 
information for ethylene hydrogenation on δ-MoC (001). 
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Figure 1. Dependence of the C2H4 binding energy on the θH coverage relative to that on the clean δ-
MoC (001) surface of -1.03 eV. The respective ethylene adsorption energy (in eV) is shown in blue 
near the poitns. A top view of the ethylene binding geometry at θH = 0.88 ML is included. Mo, C, 







   
   
       a) Eads = -1.03 eV         b) Eads = -0.36 eV       c) Eads = -1.14 eV 
 
Figure 2. Ethylene adsorption energy on δ-MoC(001), Eads, at three θH coverage states; a) 0.13, b) 








Figure 3. Effect of 𝑝!!!! on the C2H4 adsorption Gibbs free energy on δ-MoC(001), ΔGads, at 300 K 
and for different θH coverage. The vertical dotted lines indicate the limits of low (ultrahigh vacuum) 







Figure 4. Temperature effect in the C2H4 adsorption Gibbs free energy on δ-MoC(001), ΔGads, at 1 








Figure 5. Reaction energy profile for the two hydrogenation steps of C2H4 when adsorbed on δ-
MoC (001) at θH of 0.13, 0.50, and 0.88 ML. Values for Pt and Pd (111) surfaces are taken from the 
literature and included for comparison.¡Error! Marcador no definido.-¡Error! Marcador no definido. For 
convenience, H* migration and intermediate isomerization steps are not reported, yet these are 








Figure 6. Logarithm of the ethane desorption rate, in s-1, as a function of θH for temperatures in 
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